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METHOD OF OPERATING NUCLEAR REACTOR 

BACKGROUND OF THE INVENTION 

The present invention relates to a method of 
operating a boiling water reactor (hereinafter, referred to 
as "BWR") , and particularly to a method of operating the 
reactor (nuclear reactor) while injecting hydrogen in the 
reactor. 

In operation of a BWR, hydrogen injection has been 
adopted for suppressing the initiation and growth of stress 
corrosion cracking (hereinafter, referred to as "SCC") of 
structural materials at a lower portion of a reactor 
pressure vessel. Such hydrogen injection has been 
heretofore carried out in several domestic/foreign plants • 

A first prior art method relating to hydrogen 
injection has been described in Japanese Patent Laid-open 
No. Hei 4-274800, which is intended to suppress corrosion 
of reactor materials and reduce the dose rate of a main 
steam system by injecting hydrogen and an alkali material 
in a reactor primary cooling system. The document also 
described that the release rate of radioactive nitrogen 
from a liquid phase to a gas phase is reduced by injecting 
an alkali material so as to shift the pH of a liquid phase 
on the alkali side. 

A second prior art method has been described in 
Japanese Patent Laid-open No. Hei 7-287094, in which SCC is 
suppressed with less injected amount of hydrogen by 
injecting hydrogen and an alkali material in reactor water 
under a condition in which the pH of the reactor water is 
in a range of 6 to 10 and the concentration of dissolved 
oxygen (hereinafter, referred to simply as "oxygen 
concentration") in the reactor water is 150 ppb . According 
to the above document, the range of the pH for obtaining 
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the effect of suppressing SCC is as follows: namely, the pH 
is in a range of 6 to 10 at the oxygen concentration of 50 
ppb; in a range of 7 to 10 at the oxygen concentration of 
100 ppb; and in a range of 8 to 9 at the oxygen 
concentration of 150 ppb. 

A third prior art method has been described in 
Japanese Patent Laid-open No. Hei 8-297195, in which the 
corrosion of the materials of the reactor components 
being in contact with reactor cooling water is suppressed 
by injecting hydrogen and Zn in the reactor cooling water, 
thereby adjusting the pH of reactor water. 

A fourth prior art method has been described in 
Japanese Patent Laid-open No. Hei 9-264988, in which the 
growth of a crack formed in a metal member in reactor water 
is reduced by injecting a buffer agent such as boric acid, 
thereby changing the pH of high temperature water in the 
crack in a range of 6.0 to 8.0. 

The first, second and third prior art methods 
describe the technique in which the pH of reactor water is 
adjusted on the alkali side and hydrogen is injected; 
however, they do not examine a period in which these 
controls are carried out. Further, the fourth prior art 
method does not examine a period in which the control of 
the pH of reactor water is carried out, and also does not 
examine the combination of the pH of reactor water and 
hydrogen in j ection . 

To be more specific, according to the above-, 
described prior art methods, although it is intended to 
suppress the initiation and growth of SCC by adjusting the 
pH of reactor water on the alkali side and injecting 
hydrogen, it fails to effectively suppress the initiation 
and growth of SCC by adjusting the pH of reactor water on 
the alkali side and injecting hydrogen while examining a 
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suitable period in which these controls should be carried 
out . 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a 
method of operating a reactor (nuclear reactor) , which is 
capable of effectively suppressing the initiation and 
growth of SCC of reactor structural members of a BWR 
without increasing the dose rate of a main steam system and 
thereby reducing radioactivity of reactor water, by 
carrying out, at a suitable period, a control for injecting 
hydrogen in the reactor water while adjusting the pH of the 
reactor water on the alkali side. 

According to a first invention, there is provided a 
method of operating a reactor, in which a boiling water 
reactor is operated while a pH of reactor water in the 
reactor is controlled on an alkali side and hydrogen is 
injected in the reactor water, characterized in that: a pH 
at room temperature of the reactor water is controlled at a 

relatively high level in a range of 8.5 < pH ^ 9 at the 
beginning stage of start-up operation of one operating 
cycle, and then controlled at a relatively low level in a 

range of 7 < pH ^ 8.5 until shutdown operation; and a 
hydrogen concentration of the reactor water is controlled 
in a range of 30 to 100 ppb throughout the operating cycle. 

According to a second invention, there is provided a 
method of operating a reactor, in which a boiling water 
reactor is operated while a pH of reactor water in the 
reactor is controlled on an alkali side and hydrogen is 
injected in the reactor water, characterized in that: a pH 
at room temperature of the reactor water is controlled at a 

relatively high level in a range of 8.5 < pH ^ 9 at the 
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beginning stage of start-up operation of one operating 
cycle, and then controlled at a relatively low level in a 

range of 7 < pH ^ 8.5 until shutdown operation; and a 
hydrogen concentration of the reactor water is controlled 
in a range of 30 to 100 ppb in most of the operating cycle 
excluding a short period upon rated operation, and is 
increased to a value in a range of 100 to 200 ppb in the 
short period upon rated operation. 

According to a third invention, there is provided a 
method of operating a reactor, in which a boiling water 
reactor is operated while a pH of reactor water in the 
reactor is controlled on an alkali side and hydrogen is 
injected in the reactor water, characterized in that: a pH 
at room temperature of the reactor water is controlled in a 
range of 7 < pH ^ 8.5 throughout one operating cycle; and a 
hydrogen concentration of the reactor water is controlled 
in a range of 30 to 100 ppb in most of the operating cycle 
excluding a short period upon rated operation, and is 
increased to a value in a range of 100 to 200 ppb in the 
short period upon rated operation. 

According to a fourth invention, there is provided a 
method of operating a reactor, in which a boiling water 
reactor is operated while a pH of reactor water in the 
reactor is controlled on an alkali side and hydrogen is 
injected in the reactor water, characterized in that: a pH 
at room temperature of the reactor water is controlled at a 
relatively high level in a range of 7 < pH ^ 9 at the 
beginning stage of start-up operation of one operating 
cycle, and then controlled at a relatively low level in the 
range until shutdown operation; and a hydrogen 
concentration of the reactor water is controlled in a range 
of 30 to 100 ppb throughout the operating cycle. 
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According to a fifth invention, there is provided a 
method of operating a reactor, in which a boiling water 
reactor is operated while a pH of reactor water in the 
reactor is controlled on an alkali side and hydrogen is 
injected in the reactor water, characterized in that: a pH 
at room temperature of the reactor water is controlled at a 
relatively high level in a range of 7 < pH ^ 9 at the 
beginning stage of start-up operation of one operating 
cycle, and then controlled at a relatively low level in the 
range until shutdown operation; and a hydrogen 
concentration of the reactor water is controlled in a range 
of 30 to 100 ppb in most of the operating cycle excluding a 
short period upon rated operation, and is increased to a 
value in a range of 100 to 200 ppb in the short period upon 
rated operation. 

The recombination reaction accompanied by hydrogen 
injection will be described below. When injected in 
reactor water, hydrogen is recombined with oxygen and 
hydrogen peroxide at a downcomer portion around the core of 
a reactor. The recombination reaction is readily 
accelerated with the aid of a reactive radical such as OH, 
which is produced by radiation exposure and acts as a 
catalyst . 

With such recombination reaction, the concentrations 
of oxygen and hydrogen peroxide in a recirculation system 
on the downstream side from the downcomer portion and in a 
lower plenum of a reactor pressure vessel are reduced. The 
reduction in concentrations of oxygen and hydrogen peroxide 
leads to lowering of an electrochemical corrosion potential 
(ECP) of a reactor structural member. 

Since the hydrogen injection effect of each portion 
in the reactor is determined depending on the hydrogen 
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concentration at the downcomer portion, the following, 
converted hydrogen concentration, defined as an effective 
hydrogen concentration, on the basis of the hydrogen 
concentration at the core (hydrogen concentration at the 
downcomer portion) [H 2 ] e ff should be adopted. 

[H 2 ] e ff = (hydrogen concentration of feedwater) (flow rate 
of feedwater) / (core flow rate) . . 

The present inventors have analytically found that, 
in the case where the pH of reactor water is controlled on 
the alkali side, the recombination reaction by hydrogen 
injection is accelerated more than that in the case where 
the reactor water is kept neutral. The new knowledge will 
be described with reference to Fig. 9. Fig. 9 shows an 
analyzed result of a relationship between a hydrogen 
concentration of feedwater and an effective oxygen 
concentration of reactor water in the case where the pH at 
room temperature (hereinafter, referred to simply as "pH") 
of the reactor water is changed in a range of 7 to 9. 

The oxygen concentration actually measured contains 
not only the concentration of originally existing oxygen 
but also the concentration of oxygen produced by 
decomposition of hydrogen peroxide. Accordingly, the 
following effective oxygen concentration [0 2 ] e ff is used as 
the measurable oxygen concentration. 

[0 2 ]eff =: (concentration of oxygen) + (concentration of 
hydrogen peroxide) /2 

If the pH of reactor water in an actual BWR is not 
controlled, the pH of the reactor water becomes about 7. 
As shown in Fig. 9, the effective oxygen concentration of 
reactor water becomes small with an increase in hydrogen 
concentration of feedwater. The effective oxygen 
concentration of the reactor water at the pH = 8 is 
slightly lower than that at the pH = 7 . The effective 
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oxygen concentration of the reactor water at the pH = 9 is 
significantly lower than that at the pH = 7, particularly, 
when the hydrogen concentration of the feed water is 0.3 
ppm or more. 

From previous knowledge, the initiation and growth 
of SCC of stainless steel forming reactor structural 
members is suppressed when the effective oxygen 
concentration becomes 20 ppb or less. Fig. 9 shows that . 
when the hydrogen concentration of the feed water becomes 
0.3 ppm or more, the effective oxygen concentration becomes 
20 ppb or less. As a result of examining the effective 
oxygen concentration with the pH taken as a parameter, it 
becomes apparent that the effective oxygen concentration of 
the reactor water in a range of 8.5 < pH ^ 9 is 
significantly lower than that at the pH = 7 . 

Accordingly, in the first and second inventions, 
since the pH at room temperature of the reactor water is 

controlled in the range of 8.5 < pH ^ 9 at the beginning 
stage of start-up operation in one operational cycle and 
then controlled in the range of 7 < pH ^ 8.5 until shutdown 
operation, it is possible to effectively reduce the 
effective oxygen concentration of the reactor water, 
thereby effectively suppressing the initiation and growth 
of SCC. Even in the fourth and fifth inventions, the same 
effect can be obtained by selecting the relatively higher 
and lower levels of the pH at room temperature of the 
reactor water at suitable values* 

The reason why the effect of reducing the effective 
oxygen concentration is obtained will be described. The 
recombination reaction by hydrogen injection occurs as 
follows : 

0 2 + 2H 2 -> 2H 2 0 (reaction formula 1) 



- 8 - 



H 2 0 2 + H 2 — > 2H 2 0 (reaction formula 2) 

In the case of the reactor water having a neutral 
quality (pH = 7) , the reaction formula 2 expressing the 
recombination reaction of hydrogen peroxide is slower than 
the reaction formula 1 expressing the recombination 
reaction of oxygen. Accordingly, hydrogen peroxide at a 
low concentration exists in the reactor water upon hydrogen 
injection. 

When the pH is shifted on the alkali side, in the 
following equilibrium reaction, the dissociation of 
hydrogen peroxide to the right side proceeds, and thereby 
the concentration of H0 2 " is increased. 
. H 2 0 2 = H0 2 " + H + (reaction formula 3) 

At this time, H0 2 ~ produces H0 2 via the following 
reaction. 

H0 2 " + OH — H0 2 + 0H~ (reaction formula 4) 

The reaction rate constant of the reaction expressed 
by the above reaction formula is two figures larger than 
the reaction of hydrogen peroxide with OH or H. As a 
result, in the water in which the pH is shifted on the 
alkali side, since the generation rate of H0 2 is faster 
than that in the water having a neutral quality, the 
recombination efficiency becomes higher. 

Accordingly, the recombination reactions of oxygen 
and hydrogen peroxide with hydrogen in reactor water are 
accelerated by the combination of hydrogen injection and 
shifting of the pH on the weak alkali side, so that a 
recombination effect larger than that in the case of only 
hydrogen injection (pH = 7) can be obtained. With such an 
effect of accelerating the recombination reaction, it is 
possible to reduce the injected amount of hydrogen 
(hydrogen concentration) necessary for reducing the 
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effective oxygen concentration of reactor water. 

On the other hand, upon hydrogen injection, the 
transition amount of 16 N (radioactive nitrogen) in steam 
becomes large with an increase in injected amount of 
hydrogen, with a result that the dose rate of a main steam 
system is raised. Also, when the pH at room temperature of 
reactor water is excessively increased (for example, more 
than 9) , the mass of a radioactive material such as 24 Na in 
the reactor water is increased and is entrapped in steam, 
with a result that the dose rate of the main steam system 
is raised. Further, in such a high pH condition, there is 
a possibility of acceleration of corrosion of a fuel 
cladding tube. 

On the contrary, according to the first and second 
inventions, since the pH at room temperature of reactor 
water is controlled in a weak alkali range (7 < pH S 9) , 
the necessary injected amount of hydrogen (hydrogen 
concentration) can be reduced, with a result that the dose 
rate of a main steam system can be made smaller than that 
in the case of hydrogen injection not combined with 
shifting of the pH on the weak alkali side. 

In particular, upon start-up operation, since the 
temperature of reactor water is low and thereby steam is 
little generated, even if the pH at room temperature of the 
reactor water is set at a high level in a range of 8.5 < pH 

^ 9, a radioactive material in the reactor water is little 
shifted to a main steam system via steam. When the pH at 
room temperature of reactor water is set at a high level, 
the effect of accelerating the recombination reaction by 
hydrogen injection becomes significantly large. To be more 
specific, when the pH at room temperature of reactor water 
is set at a high level at the beginning stage of start-up 
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operation, it is possible to effectively accelerate the 
recombination reaction without increasing the dose rate of 
a main steam system, and hence to effectively suppress the 
initiation and growth of SCC . 

Further, according to the second, third, and fifth 
inventions, since the hydrogen concentration of reactor 
water is controlled in the range of 30 to 100 ppb in most 
of a period of an operating cycle excluding a short period 
upon rated operation and is increased to a value in the 
range of 100 to 200 ppb for the short time upon rated 
operation, it is possible to accelerate the recombination 
reaction by hydrogen injection for the short period upon 
rated operation, and hence to effectively suppress the 
initiation and growth of SCC. 

In this case, the dose rate of the main steam system 
is increased for the short period in which the hydrogen 
concentration is increased; however, such an inconvenience 
can be easily solved by performing, works in a region in 
which the dose rate is increased, in a period excluding 
such a short period. Further, since the hydrogen 
concentration is low in most of the period excluding the 
short period, the increased dose rate of the main steam 
system for the short period is not much of a problem in 
operating the reactor. 

In practice, the combination of hydrogen injection 
and shifting of the pH on the weak alkali side has the 
effect of reducing the dose rate of a main steam system, 
and accordingly, if the short period is set typically at 
about one or two days, the dose rate of the main steam 
system can be reduced as compared with the case of only 
hydrogen injection not combined with shifting of the pH on 
the weak alkali side. 

As described above, since the injected amount of 



- 11 - 



hydrogen can be reduced in accordance with the effective 
oxygen concentration of reactor water, the reactor can be 
operated without increasing the dose rate of a main steam 
system more than that in the conventional method. Also, if 
the reactor is operated with the same injected amount of 
hydrogen as that in the conventional method, since the 
concentrations of oxygen and hydrogen peroxide become lower 
than those in the conventional method, the reduced amount 
of electrochemical corrosion potential becomes large. 

The effect of the pH on the electrochemical 
corrosion potential will be described below. The 
reductions of oxygen and hydrogen peroxide are expressed by 
the following reaction formulas 5 and 6: 

0 2 + 4H + + 4e~ -> 2H 2 0 (reaction formula 5) 

H 2 0 2 + 2H + + 2e~ — ► 2H 2 0 (reaction formula 6) 

In each reaction formula, the term of proton (H + ) is 
contained on the left side. This means that the reaction 
formula is dependent on the pH. As the pH of reactor water 
becomes higher, the concentration of protons becomes 
smaller, with a result that the reaction from the left side 
to the right side in the above reaction formulas is 
restricted. Accordingly, under a condition that the 
effective oxygen concentration of reactor water is reduced 
by hydrogen injection, the reduced amount of 
electrochemical corrosion potential becomes significantly 
larger. This shows that the above-described effect of 
suppressing the initiation and growth of SCC can be 
obtained. 

The pH in a crack formed in a surface of a reactor 
structural member will be described below. If the injected 
amount of hydrogen is excessively limited for suppressing 
an increase in dose rate of a main steam system, the 
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effective oxygen concentration of reactor water becomes 
higher and thereby the electrochemical corrosion potential 
becomes higher. On the other hand, as shown in Fig. 10 , in 
a crack portion in a reactor structural member, oxygen is 
consumed on the inner surface of the crack. At this time, 
oxygen is supplied only by diffusion from the outside of 
the crack. Accordingly, the oxygen concentration is 
reduced in the direction from the crack mouth (opening 
portion of the crack) to the crack tip (leading end of the 
crack), and it becomes about zero at the crack tip. In 
this way, the local electrochemical corrosion potential at 
the crack tip is lower than that at the crack mouth and 
outside of the crack. 

As a result, electrons (e~) migrate through the 
reactor structural member in the direction from the crack 
tip to the crack mouth, and therefore, the electrons are 
deficient at the crack tip. To additionally supply 
electrons, at the crack tip, a metal (M) is oxidized as a 
metal ion (M n+ ) and dissolved in water in the crack as shown 
in the following reaction formula. Further, part of the 
metal ions are hydrolyzed by the reaction with water, to 
form an oxide film. 

M — » M n+ + ne" (reaction formula 7) 

M n+ + mH 2 0 -* M(OH) n " m + raH* (reaction formula 8) 

In the reaction formulas 7 and 8, character n 
designates a mole number of electrons emitted when the 
metal is ionized, and character m designates a mole number 
of water consumed upon hydrolytic reaction of the metal 
ions with the water. 

As a result of the fact that the metal is oxidized, 
being dissolved in water, and is hydrolyzed by reaction 
with water, protons (H + ) are produced in water at the crack 
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tip. Then, anions in the reactor water flow from the crack 
mouth into the crack tip in such a manner as to keep an 
electrically neutral state (electroneutrality) against 
positive charges of these metal ions and protons. 

The anions in the reactor water mainly include OH" 
present with equilibrium between H + and the same, and 
additionally include S0 4 2 ~, N0 3 ~, etc., bled from a resin, 
etc. in the reactor water. These anions flow from the 
crack mouth to the crack tip due to a differential 
potential therebetween and enriched at the crack tip, 
whereby the pH at the crack tip is shifted on the acidic 
side. This may be considered to act as a motive force for 
developing the crack. 

On the other hand, in the case where hexavalent 
chromium such as Cr0 4 2 " in the reactor water is converted 
into trivalent chromium (Cr 3 *) by hydrogen injection, the 
bleeding of a cation resin in the reactor water is 
prevented, and thereby the pH of the reactor water is kept 
substantially neutral. Further, excess OH" is present in 
the reactor water by controlling the reactor water on the 
weak alkali side. 

In this case, the anions flowing from the crack 
mouth to the crack tip due to a differential potential 
therebetween is only 0H~, whereby the pH at the crack tip 
is shifted on the alkali side. Accordingly, it is possible 
to effectively suppress the growth of a crack by the above- 
described combination of hydrogen injection and shifting of 
the pH on the weak alkali side. 

An effect of reducing radioactivity of reactor water 
will be described below. The elution rate of a radioactive 
material such as 60 Co which is eluted from a radioactive 
clud (solid particle) precipitated on the surface of a fuel 
rod in the reactor into reactor water is dependent on the 
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pH of the reactor water. A relationship between the pH of 
reactor water and the elution rate of Co is shown in Fig. 
11. In Fig. 11, CoO and CoFe 2 0 4 are each shown as a 
radioactive clud. 

As shown in Fig. 11, the elution rate of Co is large 
when the pH at room temperature of reactor water is set on 
the acidic side, and becomes significantly smaller as the 
pH at room temperature of the reactor water is shifted on 
the alkali side. Accordingly, by controlling the pH at 
room temperature of the reactor water on the weak alkali 
side, the radioactivity of the reactor water can be reduced 
and thereby the dose rate of the reactor can be reduced. 

Further, as shown in Fig. 11, when the pH at room 
temperature of the reactor water becomes higher than 9, the 
corrosion rate of zircalloy becomes higher than that at the 
pH = 7 . According to the present invention, since the pH 
at room temperature of the reactor water is controlled in a 
weak alkali range (7 < pH ^ 9) , it is possible to suppress 
the corrosion of a zircalloy made fuel cladding tube at a 
value comparable to that at the pH = 7 . 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a diagram showing a method of operating a 
reactor according to a first embodiment in which the 
present invention is applied to a BWR. 

Fig. 2 is a schematic flow diagram of a primary 
cooling system of the BWR to which the reactor operating 
method according to the first embodiment is applied. 

Fig. 3 is a graph showing a analyzed result of a 
relationship between the Na concentration of reactor water 
and the pH of the reactor water. 

Fig. 4 is a diagram showing a method of operating a 



reactor according to a second embodiment in which the 
present invention is applied to a BWR. 

Fig. 5 is a schematic flow diagram of a primary 
cooling system of the BWR to which the reactor operating 
method according to the second embodiment is applied. 

Fig. 6 is a graph schematically showing a change in 
pH of reactor water and a change in pH at the crack tip 
with elapsed time in the operating method according to the 
second embodiment. 

Fig. 7 is a diagram showing a method of operating a 
reactor according to a third embodiment in which the 
present invention is applied to a BWR. 

Fig. 8 is a schematic flow diagram of a primary 
cooling system of the BWR to which the reactor operating 
method according to the third embodiment is applied. 

Fig. 9 is a graph showing an analyzed result of a 
relationship between the hydrogen concentration of 
feedwater and the effective oxygen concentration of the 
reactor water. 

Fig. 10 is a diagram illustrating the pH in a crack. 

Fig. 11 is a graph showing a relationship between 
the pH of reactor water and the elution rate of Co. 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 
(First Embodiment) 

A first embodiment in which the present invention is 
applied to a boiling water reactor (BWR) will be described 
with reference to Figs. 1 to 3 . Fig. 1 is a diagram 
showing a method of operating a reactor according to the 
first embodiment. In this embodiment, the present 
invention is applied to a BWR in which hydrogen is injected 
in reactor water from a period of start-up operation. Fig. 
2 is a schematic flow diagram showing a primary cooling 
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system of the BWR to which the reactor operating method 
according to the first embodiment is applied. Fig. 3 is a 
graph showing an analyzed result of a relationship between 
the Na concentration and pH of reactor water. 

Referring to Fig. 2, a primary cooling system of the 
BWR includes a condensate system 1, a feedwater system 2, a 
reactor pressure vessel 3, a recirculation system 4, a main 
steam system 5, a turbine 6, a condenser 7 , and a reactor 
water clean up system 17. An off-gas system 28 is 
connected to the condenser 7, 

A condensate pump 8 and a condensate demineralizer 9 
are provided in the condensate system 1. A steam air jet 
ejector 27 and a recombiner 30 are provided in the off-gas 
system 28. An oxygen injector 29 is connected to a pipe 
line disposed between the condenser 7 and the steam jet air 
ejector 27 in the off-gas system 28. 

A low pressure feedwater heater 10, a high pressure 
feedwater heater 11, and a feedwater pump 12 are provided 
in the feedwater system 2. A hydrogen injector 24 is 
connected to a pipe line disposed between the low pressure 
feedwater heater 10 and the feedwater pump 12 in the 
feedwater system 2. A water chemistry measuring system 20 
for measuring the water chemistry such as conductivity, pH, 
and dissolved oxygen of feedwater is connected via a 
sampling pipe line 19 to a pipe line between the high 
pressure feedwater heater 11 and the reactor pressure 
vessel 3. 

A heat exchanger 17a, a reactor water clean up 
system pump 17b, and a reactor water clean up system 
demineralizer 18 are provided in the reactor water clean up 
system 17. A hydrogen injector 24a and an alkali injector 
32 are connected to a pipe line directly connected to the 
feedwater system 2 side of the reactor water clean up 
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system 17 . 

An electrochemical corrosion potential (ECP) sensor 
25 for measuring an electrochemical corrosion potential of 
reactor water is provided in a bottom drain 16. Water 
chemistry measuring systems 20a and 20b for measuring water 
chemistry of reactor water excluding ECP are connected to a 
sampling pipe line 22 of the bottom drain 16 and a sampling 
pipe line 21 of the reactor water clean up system 17, 
respectively. 

A water chemistry measuring system 20c is connected 
to the main steam system 5 via a sampling pipe line 23. 
The water chemistry measuring system 20c is provided for 
measuring the water chemistry of condensed water produced 
from steam. A dose rate monitor 26 for measuring the dose 
rate of the main steam system is provided in the main steam 
system 5. 

The BWR plant having the above configuration is 
operated such that steam produced by boiling of reactor 
water in a core 13 of the reactor passes through the main 
steam system 5 to drive the turbine 6, thereby creating 
electric power. The steam outgoing from the turbine 6 is 
condensed in the condenser 7, and the condensed water flows 
in the condensate system 1 as condensate. The condensate 
passes through the low pressure feedwater heater 10, the 
feedwater pump 12, and the high pressure feedwater heater 
11, flowing in the feedwater system 2 as feedwater, and 
returns from the feedwater system 2 into the reactor 
pressure vessel 3. The reactor water is circulated in the 
recirculation system 4 by the recirculation pump 4a. 

Most of the reactor water, having been not converted 
into steam, separates from steam in an upper portion of the 
reactor pressure vessel 3 and flows to the lower side of 
the reactor pressure vessel 3 through a downcomer 14 
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disposed around the core 13. Such reactor water flows in 
the recirculation system 4, and is returned to the core 13 
again by the recirculation pump 4a. Feedwater in an amount 
equivalent to the amount of the reactor water lost by 
production of steam is supplied. 

To purify the reactor water, part of the reactor 
water is extracted from the recirculation system 4 and the 
bottom drain 16 of a reactor lower plenum 15, and is fed to 
the reactor water clean up system 17. In the reactor water 
clean up system 17, ions of impurities in the reactor water 
are removed by the reactor water clean up system 
demineralizer 18. The reactor water thus purified by the 
reactor water clean up system demineralizer 18 is mixed 
with the feedwater and returned to the reactor pressure 
vessel 3. 

The water chemistry (concentration of dissolved 
oxygen, concentration of dissolved hydrogen, pH, electric 
conductivity, and the like) of the feedwater is measured as 
follows: namely, the feedwater sampled from the sampling 
pipe line 19 is reduced in pressure and cooled, and the 
water chemistry of the sampled feedwater is measured in 
online by the water chemistry measuring system 20. The 
water chemistry of the reactor water is measured as 
follows: namely, the reactor water sampled from each of the 
sampling pipe lines 21 and 22 is reduced in pressure and 
cooled, and the water chemstry of the sampled reactor water 
is measured in online by the associated one of the water 
chemistry measuring systems 20b and 20a. The ECP of the 
reactor water is also measured by the ECP sensor 25. 
Accordingly, with respect to the reactor water, the 
concentrations of oxygen and hydrogen peroxide can be both 
quantitatively measured. 

In the main steam system 5, steam extracted from the 
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sampling pipe line 23 is condensed, the condensed water 
being reduced in pressure and cooled, and the water 
chemistry of the condensed water is measured in online by 
the water chemistry measuring system 20c. In each of the 
water chemistry measuring systems 20, 20a, 20b and 20c, the 
water chemistry of the sampled water is measured under a 
condition with a temperature ranging from room temperature 
to about 50 °C and a pressure ranging from 1 to about 5 atm, 
which condition is established by reducing the pressure of 
the sampled water and cooling the sampled water as 
described above. 

Hereinafter, the reactor operating method according 
to the first embodiment will be described with reference to 
Fig. 1. In Fig. 1, the abscissa designates an operating 
time of a reactor, and the ordinate designates a 
temperature, a pH (at room temperature) , a hydrogen 
concentration of reactor water, and a reactor power. The 
operating time is expressed by a value relative to one 
operating cycle. One operating cycle includes a start-up 
operation time, a rated operation time, and a shutdown 
operation time. The rated operation time is very longer 
than each of the start-up operation time and the shutdown 
operation time, and therefore, part of the rated operation 
time is omitted in Fig. 1. The temperature and hydrogen 
concentration of reactor water, and the reactor power are 
each expressed by a value relative to that during rated 
operation. 

Upon start-up operation, equipment such as power 
sources in a nuclear power station, an instrument and 
control system, an in core monitoring system, and a reactor 
control system are checked; a reactor primary cooling 
system and a steam turbine system are prepared for 
operation; and a control rod drive system and a 
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recirculation pump are operated. In this embodiment, an 
alkali material is injected in reactor water from the 
period of start-up operation to shift the pH of the reactor 
water on the alkali side. 

At the beginning stage of start-up operation, 
hydrogen is continuously injected from the hydrogen 
injector 24a into the reactor water clean up system 17,. and 
the opening degree of a valve 34a (that is, the injected 
amount of hydrogen) is adjusted to set the hydrogen 
concentration of the reactor water in a range of about 30 
to 100 ppb. On the other hand, an alkali material is 
continuously injected from the alkali injector 32 into the 
reactor water clean up system 17, and the opening degree of 
a valve 35 (that is, the injected amount of the alkali 
material) is adjusted to set the pH of the reactor water at 
about 9. The hydrogen concentration and pH of the reactor 
water are measured by using the water chemistry measuring 
systems 20a and 20b. 

An alkali solution such as NaOH, KOH, or LiOH is 
injected from the alkali injector 32. Upon start-up 
operation, the feedwater system 2 is stopped until the 
reactor power rises to a certain level, and in this regard, 
the reactor water clean up system 17 is selected as the 
desirable alkali material injection point. The opening 
degree of the valve 35 may be manually adjusted by an 
operator, automatically adjusted with the temperature of 
the reactor water taken as an input parameter, or semi- 
automatically adjusted by combination of manual adjustment 
and automatic adjustment. 

In such a state, the recirculation system 4 is 
operated by the recirculation pump 4a under a condition of 
a low flow rate (about 20% of the flow rate upon rated 
operation) and control rods (not shown) are withdrawn from 



the core 13, to thereby obtain a criticality (critical 
condition) of the reactor . When the temperature rise of 
the reactor water starts to occur, the valve 35 is closed 
to stop the injection of the alkali material into the 
reactor water, thereby lowering the pH of the reactor water 
to a value less than 9. This can reduce adverse effect of 
a high concentration of the alkali material on the reactor 
structural members due to the temperature rise of the 
reactor water. In addition, the pH may be lowered by 
making small the opening degree of the valve 35 so as to 
gradually reduce the injected amount of the alkali material 
into the reactor water. 

The temperature of the reactor water and the 
pressure in the reactor are then increased by nuclear heat 
of fuel, with a result that the operation state of the 
reactor reaches the rated operation state. At this time, 
the alkali level in the reactor water is adjusted, 
concretely, reduced to the same weak alkalinity (pH =8) as 
that upon rated operation. After that, the pH of the 
reactor water is kept at about 8. Further, a series of 
start-up sequences including start-up of the turbine and 
the generator are carried out, and thereafter, the reactor 
power is increased to a rated power. In this way, the 
start-up operation is completed. 

Upon rated operation, the pH of the reactor water is 
kept at about 8 indicating weak alkalinity, and accordingly, 
part of a cation resin in the condensate demineralizer 9 or 
the reactor water clean up system demineralizer 18 is 
changed from a usual H-type into an alkali type such as an 
Na-type. When cations in the feedwater or the reactor 
water are removed by such a demineralizer, cations such as 
Na ions are leaked in the feedwater or the reactor water 
and the concentration of the cations is adjusted, to 
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thereby control the pH of the reactor water on the weak 
alkali side. The alkali type cation resin (ion-exchange 
resin) may be of a K-type, Li-type, NH 4 + -type, or the like. 

After the operation of the feedwater system 2 starts, 
the valve 34a is closed and the valve 34 is opened to start 
continuous hydrogen injection from the hydrogen injector 24 
into the feedwater system 2. At this time, the opening 
degree of the valve 34 (injected amount of hydrogen) is 
adjusted in such a manner that the hydrogen concentration 
of the reactor water is substantially the same as that upon 
start-up operation. Concretely, the opening degree of the 
valve 34 may be adjusted in such a manner that a ratio of 
the injected amount (flow rate) of hydrogen to the flow 
rate of the feedwater is specified. 

One example of the method of controlling the pH of 
the reactor water by adding an alkali material will be 
described. Fig. 3 is a graph showing an analyzed result of 
a relationship between an Na concentration of the reactor 
water and a pH of the reactor water. In addition, the 
analysis shown in Fig. 3 is performed under a condition 
that any impurity other than Na does not exist in the 
reactor water. Referring to Fig. 3, when the Na 
concentration is low (0.1 to 1 ppb) , the pH is determined 
depending on the concentration of H + ions produced by 
dissociation of water and is substantially kept at 7. The 
pH is gradually increased as the Na concentration becomes 
larger than 1 ppb. Concretely, the pH becomes about 8 at 
the Na concentration of about 20 ppb, and becomes about 9 
at the Na concentration of about 250 ppb. 

Accordingly, the pH of the reactor water can be 
controlled at about 9 by adjusting the injected amount of 
Na from the alkali injector 32 in such a manner that the Na 
concentration in the reactor water becomes about 250 ppb. 
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The pH of the reactor water can be also controlled at. about 
8 by adjusting the amount of Na leaked from the condensate 
demineralizer 9 or the reactor water clean up system 
demineralizer 18 in such a manner that the Na concentration 
of the reactor water becomes about 20 ppb. 

The reason for this is as follows: namely, since the 
element Na is strong electrolyte in a state being dissolved 
in the reactor water, such an element is hydrated to 
produce equivalent OH" ions, to shift the dissociation 
equilibrium of the reactor water on the alkali side, 
thereby changing the pH of the reactor water. 

Upon shutdown operation, the control rods are 
inserted in the core 13 to reduce the reactor power, and 
when the reactor power is reduced to a specific value, the 
generator is taken off in parallel. Then, after the 
temperature of the reactor water and the reactor pressure 
are sufficiently reduced, the valve 34 is closed, thus 
completing the shutdown operation. 

As described above, at the beginning stage of start- 
up operation in which the temperature of the reactor water 
is lower, the higher pH than that upon rated operation is 
permitted. If hydrogen is injected in the reactor water 
from the beginning stage of start-up operation, the 
injected hydrogen is not escaped to outside of the reactor 
because steam is not generated in the reactor. Accordingly, 
the recombination reactions of oxygen and hydrogen peroxide 
in the reactor water with hydrogen are accelerated by the 
action of weak gamma ( y ) rays emitted from the fuel which 
has been loaded in the core 13 from the previous operating 
cycle . 

In this embodiment, since the pH is controlled at 9 
at the beginning stage of start-up operation and thereafter 
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it is controlled at 8, the above-described recombination 
reactions are accelerated. Accordingly, the concentration 
of dissolved oxygen in the reactor water (effective oxygen 
concentration) can be effectively reduced without 
increasing the dose rate of the main steam system. As a 
result, it is possible to effectively suppress the 
initiation and growth of SCC of reactor structural members. 

In this embodiment, since the pH of the reactor 
water is shifted on the weak alkali side, the differential 
potential between the inside and outside of a crack (the 
potential difference between the crack mouth and the crack 
tip) formed in the surface of a reactor structural member 
becomes small, and thereby the alkali material is 
accumulated in the crack. As a result, the pH in the crack 
tip can be shifted on the alkali side, so that it is 
possible to effectively suppress the growth of the crack 
formed in the reactor structural member. Further, since 
the pH of the reactor water is shifted on the weak alkali 
side, as described above, it is possible to reduce the 
radioactivity of the reactor water. 

In this embodiment, the pH of the reactor water is 
reduced from 9 to 8 on the midway of start-up operation; 
however, the present invention is not limited thereto. To 
be more specific, the pH of the reactor water, which is 

adjusted in the range of 7 < pH ^ 9 throughout the 
operating cycle, is adjusted such that the pH is kept in 
the range of 8.5 < pH ^ 9 at the beginning stage of start- 
up operation, being reduced to a level in the range of 7 < 
pH ^ 8.5 on the midway of start-up operation, and is then 

kept in such a level of 7 < pH ^ 8.5. 

In this embodiment, since the hydrogen concentration 
of the reactor water is controlled in the range of 30 to 



100 ppb; however, it may be preferably controlled in a 
range of 30 to 65 ppb. In this case, the dose rate of the 
main steam system can be further reduced. Further, if 
possible, the sensor for measuring the quality of the 
reactor water such as the ECP sensor may be preferably 
disposed in the reactor pressure vessel 3. 

(Second Embodiment) 

Next, a second embodiment in which the present 
invention is applied to a BWR will be described with 
reference to Figs . 4 to 6. Fig, 4 is a diagram showing a 
method of operating a reactor according to the second 
embodiment in which the present invention is applied to the 
BWR in which hydrogen is injected to reactor water from a 
period of start-up operation. Fig. 5 is a schematic flow 
diagram showing a primary cooling system of the BWR to 
which the reactor operating method in the second embodiment 
is applied. Fig. 6 is a graph schematically showing a 
change in pH of reactor water and a change in pH at the 
crack tip with elapsed time in the operating method 
according to the second embodiment. 

The primary cooling system shown in Fig. 5 has the 
same basic configuration as that described in the first 
embodiment with reference to Fig. 2 except for a means of 
controlling the amount of hydrogen injected from the 
hydrogen injector 24 into the feedwater system 2. The 
overlapped description of the configuration other than such 
a control means, which is the same as that in the first 
embodiment, is omitted. Referring to Fig. 5, reference 
numeral 31 designates an accumulator for accumulating 
hydrogen, which is used for increasing the injected amount 
of hydrogen for a short period as will be described later. 

The reactor operating method shown in Fig. 4 is 
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basically the same as that described in the first 
embodiment with reference to Fig. 1 except for increasing 
the hydrogen concentration in reactor water upon rated 
operation for a short-period. The overlapped description 
of the other procedures, which are the same as those shown 
in Fig. 1, is omitted. 

Referring to Fig. 4, in this embodiment, during 
rated operation, the pH of the reactor water is kept at 
about 8, and in such a state, the hydrogen concentration of 
the reactor water is increased for a short-period, for 
example, about one or two days. In such a period, the 
hydrogen concentration may be increased to a value, for 
example, in a range of 100 to 200 ppb. The method of 
increasing the hydrogen concentration for a short-period 
will be described below. 

Before continuous injection of hydrogen from the 
hydrogen injector 24 into the feedwater system 2 is 
performed by opening the valve 34 (hereinafter, referred to 
as "a continuous hydrogen injection step") , hydrogen in a 
specific amount (hereinafter, referred to as "an excess 
hydrogen amount") is previously accumulated in the 
accumulator 31 provided between the hydrogen injector 24 
and the feedwater system 2. At the time when the hydrogen 
concentration of the reactor water is intended to be 
increased, the hydrogen accumulated in the accumulator 31 
is released in the feedwater system 2 for a short-period 
(hereinafter, referred to as "an excess hydrogen feed 
period"), to temporarily increase the injected amount of 
hydrogen. 

The necessary excess hydrogen amount and excess 
hydrogen feed period are previously determined, before the 
continuous hydrogen injection step, on the basis of the ECP 
of the reactor water measured by the ECP sensor 25. With 



- 27 - 



this setting, the injected amount of hydrogen can be 
controlled in such a manner as to satisfy requirements 
associated with the injected amount and injection period of 
hydrogen most suitable for allowing an alkali material to 
certainly permeate to the crack tip. 

In addition, if the upper limit of the amount of 
hydrogen generated, for example, through electrolysis of 
water by a hydrogen generator is just set at the injected 
amount of hydrogen necessary for the continuous hydrogen 
injection step, the above-described temporary injection of 
excess hydrogen can be sufficiently carried out by 
previously accumulating hydrogen in a sufficient amount in 
the accumulator 31. 

The ECP of the reactor water can be significantly 
reduced by increasing the amount of hydrogen injected in 
the reactor water for a short-period (hereinafter, referred 
to as "a higher hydrogen injection operation for a short- 
period") in the state in which the pH of the reactor water 
is kept on the weak alkali side as described above. In 
this case, however, the excess hydrogen amount is set at 
such a value as to allow the ECP at the crack mouth to be 
nearly equal to that at the crack tip, more specifically, 
become about -500 mV vs SHE (upon rated operation) . Here, 
[mVvsSHE] means a relative potential to a standard hydrogen 
electrode potential. 

The ECP at the crack mouth may be regarded as the 
ECP of the reactor water. Accordingly, by previously 
determining a relationship between the injected amount of 
hydrogen from the hydrogen injector 24 and the ECP of the 
reactor water, the above excess hydrogen amount can be set 
on the basis of such a relationship. 

By making the ECP at the crack mouth nearly equal to 
that at the crack tip as described above, the migration of 
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alkali metal ions or cations to the crack tip due to 
concentration diffusion is accelerated, so that the pH at 
the crack tip can be shifted on the weak alkali side. 
After that, the injected amount of hydrogen is returned to 
the value most suitable for the continuous hydrogen 
injection step. With this configuration, it is expected to 
obtain an effect comparable to that obtained in the higher 
alkali operation upon start-up operation. 

Fig. 6 schematically shows a change in pH of the 
reactor water and a change in pH at the crack tip with 
elapsed time in the reactor operating method according to 
this embodiment. In the figure, the abscissa designates 
the operating time of the reactor, and the ordinate 
designates the reactor power and also designates the pH of 
the reactor water and the pH at the crack tip. The 
operating time of the reactor and the reactor power are 
each shown by a relative value, like Fig. 4. 

Referring to Fig. 6, the pH of the reactor water is 
about 9 which is equal to the pH at the crack tip upon the 
higher alkali operation at the beginning stage of start-up 
operation. In a period from the rear half of start-up 
operation to rated operation, the pH of the reactor water 
is kept at about 8; however, the pH at the crack tip is 
gradually reduced to a value less than 8. By carrying out 
the higher hydrogen injection operation for a short-period 
during rated operation, the pH at the crack tip is 
increased to about 8, that is, to the same value as the pH 
of the reactor water. 

Even in this embodiment, the same effect as that 
obtained in the first embodiment can be obtained. Also, in 
this embodiment, it is possible to allow the alkali 
material having been accumulated in the crack upon start-up 
operation to be less removed from the crack by keeping the 
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pH of the reactor water on the weak alkali side upon rated 
operation. Further, in this embodiment, since the alkali 
material in a larger amount can be accumulated in the crack 
by increasing the hydrogen concentration of the reactor 
water for a short-period during rated operation, it is 
possible to certainly suppress the growth of the crack. 
Additionally, in this embodiment, a crack growth 
rate sensor such as a DCB (Double Cantilever Beam) sensor 
may be provided in the bottom drain 16 for monitoring the 
crack growth rate of a material in the reactor water. With 
this configuration, when the pH at the crack tip is reduced 
(that is, when the crack growth rate becomes larger than a 
specific value) , the supply of the alkali material to the 
crack tip can be suitably performed by carrying out the 
above-described higher hydrogen injection operation for a 
short-period. 

It should be noted that when the injected amount of 
hydrogen is increased for a short period upon rated 
operation as described in this embodiment, the dose rate of 
the main steam system 5 in the period is increased. Such 
an inconvenience can be easily solved by executing works 
belonging to a region, in which the dose rate is increased, 
of the nuclear power station in a period excluding the 
above-described short period. In addition, with respect to 
the above-described higher hydrogen injection operation for 
a short period, a gas trailer may be additionally provided, 
and/or the amount of hydrogen generated by a hydrogen 
generator may be increased. 

(Third Embodiment) 

A third embodiment in which the present invention is 
applied to a BWR will be described with reference to Figs. 
7 and 8. Fig. 7 is a diagram showing a method of operating 
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a reactor according to the third embodiment. In the third 
embodiment, the present invention is applied to the BWR in 
which hydrogen is injected to reactor water from a period 
of start-up operation. Fig. 8 is a flow diagram of a 
primary cooling system of the BWR to which the reactor 
operating method according to the third embodiment is 
applied. 

The primary cooling system shown in Fig. 8 has the 
same basic configuration as that described in the second 
embodiment with reference to Fig. 5 except that the 
hydrogen injector 24a and the alkali injector 32 connected 
to the reactor water clean up system 17 are omitted and a 
DCB sensor 33 is added to the bottom drain 16. The 
overlapped description of the other configuration, which is 
the same as that shown in Fig. 5, is omitted. 

The reactor operating method shown in Fig. 7 is 
basically the same as that described in the second 
embodiment with reference to Fig. 4 except that the pH of 
reactor water is kept at about 8 indicating weak alkalinity 
throughout the operating cycle. To be more specific, in 
this embodiment, the higher alkali operation is not carried 
out upon start-up operation and the higher hydrogen 
injection operation for a short period is carried out upon 
rated operation. The overlapped description of the other 
procedures, which are basically the same as those shown in 
Fig. 4, is omitted. 

In this embodiment, since the hydrogen injector for 
injecting hydrogen in reactor water is connected only to 
the feedwater system 2, the hydrogen injection method upon 
start-up operation is different from that in each of the 
first and second embodiments. To be more specific, in this 
embodiment, hydrogen is continuously injected in the 
feedwater system 2 by using the hydrogen injector 24 from a 
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period of start-up operation, and the opening degree of the 
valve 34 (the injected amount of hydrogen) is adjusted in 
such a manner that the hydrogen concentration in the 
reactor water is set substantially in a range of 30 to 100 
ppb. 

Further, in this embodiment, the growth rate of a 
crack in a material in the reactor water is monitored by 
using the DCB sensor provided in the bottom drain 16, and 
when the pH at the crack tip is reduced (when the crack 
growth rate becomes larger than a specific value) , the 
higher hydrogen injection operation for a short period is 
carried out. With this configuration, the supply of an 
alkali material to the crack tip can be suitably performed. 

According to this embodiment, by carrying out the 
higher hydrogen injection operation for a short period upon 
rated operation, the recombination reaction due to hydrogen 
injection can be accelerated for a short-period during 
rated operation. Accordingly, it is possible to 
effectively suppress the initiation and growth of SCC of 
reactor structural members by effectively reducing the 
concentration of dissolved oxygen (effective oxygen 
concentration) in the reactor water without increasing the 
dose rate of the main steam system. 

Further, since the pH at the crack tip can be 
shifted on the alkali side by controlling the reactor water 
on the weak alkali side, the growth of the crack in each 
reactor structural member can be effectively suppressed, 
and since the reactor water is controlled on the weak 
alkali side, the radioactivity of the reactor water can be 
reduced. 

Additionally, even in this embodiment, the dose rate 
of the main steam system can be reduced by controlling the 
hydrogen concentration of the reactor water in a range of 
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30 to 65 ppb. Further, if possible, the sensor for 
measuring the quality of the reactor water such as the ECP 
sensor or DCB sensor may be provided in the reactor 
pressure vessel. 



